INTRODUCTION
The Lewvis blood types discovered by Mourant (2) and by Andresen (3) are defined by two antigens, Lea and Leb, and their antibodies, anti-Le' and anti-Leb. Approx- inmately 20% of Caucasians have the blood type Le(a +); 73% have the blood type Le(b +); the remaining 7% have the blood type Le(a -b -) (4) .
The antigenic determinant for the Lea specificity of soluble blood group substances is a carbohydrate with the structure (5-7):
a-L-Fuc-(l -> 4)
-)-(Gal-(I-3)-3-D-GlcNAc-R
The Leb determinant has the same structure with an additional L-fucose in an a-1,2 linkage to D-galactose (7, Received for publication 20 February 1969 and in revised formt 14 April 1969. blood type ('secretors") and is absent from milk of those who do not ("nonsecretors") (9) . The absence of this enzyme from "nonsecretors" explains the fact that they never have the blood type Le (b +) ( 10), as they would be unable to synthesize the Le" dleterminant shown above.
Both Lea and Leb determinants contain L-fucose in an a-1,4 linkage to N-acetyl-D-glucosamine. As hypothesized by Watkins and Morgan, the Le gene is responsible for the formation of an enzyme that catalyzes the addition of this L-fucose (11) (12) . Individuals with the genotype lele would lack the enzyme and have the blood type Le(a -b -), as they would be unable to synthesize either structure. The present paper describes an enzyme in human milk which catalyzes the addition of L-fucose from guanosine diphosphate L-fucose to N-acetyl-D-glucosamine residues. The enzyme appears to be the hypothetical product of the Le gene, as it is found only in milk from donors with blood type Le(a +) or Le(b +) and is absent in milk from donors with blood type Le(a -b -). This distribution provides an enzymatic basis for blood type Le(a -b-).
METHODS
Materials. GDP-L-fucose-'4C (2.6 X 107 cpm/jsmole) and GDP-L-fucose were synthesized enzymatically from GDP-D-mannose-'4C and GDP-D-mannose (13) . Lacto-N-fuco- dissolved in 5 ml of Tris-glutathione buffer, the resulting solution dialyzed overnight against 1 liter of the same buffer and used for the experiments described in this paper. Chromatography. Descending paper chromatography was carried out using the following solvents: (A) ethyl acetatel)yridine-water (2:1:2), upper layer; (B) 1-propanol-ethyl acetate-water (7: 1: 2); (C) 1-butanol-pyridine-water (6: 4: 3); and (D) ethyl acetate-pyridine-acetic acid-water (5: 5 :1: 3). Sugars where located on paper with AgNO3 reagent (15) .
Quantitative analysis of oligosaccharides. Oligosaccharides were isolated by paper chromatography and determined calorimetrically. Lacto-N-fucopentaose I and lacto-N-difucohexaose I were estimated by analysis for fucose using cysteine-sulfuric acid reagent (16) . Lacto-N-fucopentaose II could not be determined by its fucose content, because samples isolated from different sources of milk contain variable amounts of an isomeric fucose-containing pentasaccharide (17) . Unlike lacto-N-fucopentaose II, however, this isomer does not react with the Elson-Morgan reagent (18) for hexosamine after liberation of fucose by mild acid hydrolysis. Accordingly, lacto-N-fucopentaose II was determined by the Elson-Morgan assay for hexosamine (18) after hydrolysis of the oligosaccharide fraction with 0.01 NT HCl for 40 min at 100'C. Authentic oligosaccharides were used as standards.
RESULTS
Oligosaccharides in milk from Le (a -b -) donors. Milk of "nonsecretors" lacks all the oligosaccharides that contain L-fucose in an a-1,2 linkage to D-galactose including 2'-fucosyllactose, lactodifucotetraose, lacto-Nfucopentaose I, and lacto-N-difucohexaose I (17, 19) , indicating that enzymes involved in the synthesis of blood group substances also play a role in the formation of milk oligosaccharides. Two of the known oligosaccharides of human milk, lacto-N-fucopentaose II and lacto-N-difucohexaose I (20) (21) (22) (23) , contain L-fucose in an a-1,4 linkage to N-acetyl-D-glucosamine. If Le(ab -) blood type did indeed result from an inability to form this linkage, then milk from donors of blood type Le(a -b -) might be expected to lack both oligosaccharides. This was found to be the case as shown in Table I . The three samples of milk from Le(a -b-) individuals did not contain detectable amounts of either oligosaccharide in contrast to the results obtained with milk from Le(a +) or Le(b +) individuals which are included in Table I for comparison. The level of lacto-Nfucopentaose I, which is the probable precursor of lacto-N-difucohexaose I, was considerably higher in milk from the three Le(a -b -) individuals than in milk from seven Le(b +) individuals (17) .
Transfer of L-fucose to lacto-N-fucopentaose I. L-fUcosyltransferases present in human milk transfer L-fucose from GDP-L-fucose to several oligosaccharides including lacto-N-fucopentaose I (9). The product formed when lacto-N-fucopentaose I is used as an acceptor has (18) . The assays were run in a final volume of 0.2 ml and the absorption spectra recorded with a Cary spectrophotometer.
The enzymatic product was prepared as follows: to 12.5 Amoles of Tris buffer, pH 7.0, in a final volume of 2.5 ml, was added 0.89 Amole of GDP-L-fucose-J4C (40,000 cpm), 2.5 jmoles of lacto-N-fucopentaose I, 12.5 Amoles of MnCl2, 40 Al of toluene, and 1 ml of Sephadex-treated milk from donor L. N. who has the blood type Le (b+). After incubation for 26 hr at 370C, the reaction mixture was treated as described in Fig. 1 , except that the effluent was chromatographed as a 3 inch band. The area chromatographing with lacto-N-difucohexaose I was eluted with water and the amount of the product calculated from its radioactivity. 0.01 Amole of hexasaccharide (10.2 ,g) was obtained.
the chromatographic mobility of lacto-N-difucohexaose I as shown in Fig. 1 . The enzyme that catalyzes this reaction as shown in Table II Characterization of the product. L-fucose occurs in several different linkages in the oligosaccharides of human milk: a-1,2 to D-galactose (22); a-1,3 to D-glucose (25, 26) ; and a-1,3 (17) and a-1,4 (20, 25) to N-acetyl-D-glucosamine. It is probable that the fucosyltransferase with which we are concerned in the present paper adds L-fucose to lacto-N-fucopentaose I only in an a-1,4 linkage to the N-acetyl-D-glucosamine residue to form lacto-N-difucohexaose I. Besides the correlation of the occurrence of the enzyme with Lewis blood type (Table  II) as well as with the occurrence of lacto-N-fucopentaose II and lacto-N-difucohexaose I which contain this linkage (Table I) , the following additional evidence favors the above mentioned hypothesis:
(a) The product behaved chromatographically like Sephadex-treated milk samples from various donors were assayed for fucosyltransferase activity as described in Fig. 1 with either 0.1 ,Amole of lacto-N-fucopentaose I or 0.1 ,umole of lactose as acceptors. After incubation for 5 hr at 37°C, the incubation mixtures were deionized and the neutral sugars chromatographed as a 11 inch band on Whatman No. 3 paper with solvent A for 40 hr when lactose was used, and 140 hr when lacto-N-fucopentaose I was used. The 14C activity was determined by counting appropriate sections of the chromatograms in a scintillation counter as previously described (9) . A zero in the column means that the radioactivity in the area of the product did not differ significantly from background levels, which were approximately 30 cpm. (c) Lacto-N-difucohexaose I is a potent and highly specific haptenic inhibitor of the quantitative precipitin reaction between human Leb substance and goat Leb antiserum (28) . 6 ug of the reaction product inhibited the precipitin reaction to the same extent as 4 jug of authentic lacto-N-difucohexaose I. In this test, no inhibition was observed with up to 62 pg of lacto-N-fucopentaose I or lacto-N-difucohexaose II (28) .
All of the above results indicate that the reaction product is lacto-N-difucohexaose I, and hence the enzyme of Table II can be described as a GDP-L-fucose:
Properties of the enzyme. The proportionality of the reaction with time and with enzyme concentration is shown in Fig. 3 . Under the conditions of assay the reaction is linear for at least 8 hr and directly proportional to enzyme concentration. Both Mg++ and Mn++ stimulate the reaction as shown in Fig. 4 . The pH optimum for the reaction is approximately 7.0 (Fig. 5 ) which is the same as that reported for lactose synthetase (29) . The effect of increasing concentrations of lacto-N-fucopentaose I on the synthesis of lacto-N-difucohexaose I is shown in Fig. 6 . From the reciprocal plot given in the FIGURE 6 The effect of lacto-N-fucopentaose I concentration on the formation of lacto-N-difucohexaose I. The reaction mixtures and conditions were the same as in Fig. 1 , except that the concentration of lacto-N-fucopentaose I was varied as indicated.
inset, the Km for lacto-N-fucopentaose I under the conditions of incubation is 8.3 X 10'.
DISCUSSION
The presence or absence of specific glycosyltransferases appears responsible for the genetic control of cellular antigens whose structural determinants are carbohydrates (9, (30) (31) (32) (33) . Thus, the antigens can be considered to be secondary gene products, in that the primary products are enzymes and it is these enzymes working in concert that determine which specific structures are formed. This mechanism of synthesis provides a biochemical explanation for gene interaction, i.e., for the production of antigens peculiar to the hybrid and absent in both homozygous parents. The Leb determinant is one of these. On the basis of family studies Ceppellini proposed that the Le(b +) character was an interaction product of two genes (10) which, in the scheme of Watkins and Morgan, would be the H gene (whose expression in certain secretory organs is controlled by the independently inherited Se gene) and the Le gene and would produce the enzymes responsible for the incorporation into the antigenic structure of the two fucose residues that are required for Leb-active structures (11, 12) . The H gene would produce the fucosyltransferase described in a previous publication (9) , whereas the Le gene would produce the fucosyltransferase of this publication. The product of the combined action of these two enzymes is a serologic determinant that is not formed by either alone, and if each parent provided the gene for only one of the two enzymes, then the determinant would clearly be a "gene interaction product." In addition to the Lewis (b +) character there are several reports of formation of unique carbohydrate structures by the concerted action of glycosyltransferases provided by both parents may be a factor in the expression of individuality and involved in various phenomena of cell recognition such as graft rejection.
